Humans mimic each other in many ways. We unconsciously imitate the postures[@b1][@b2], facial expressions[@b3][@b4], gestures[@b2][@b5], moods and emotions[@b6][@b7] and speech[@b7][@b8] of other people. One major area of mimicry research focuses on the unconscious imitation of postures, gestures and mannerisms, termed behavioural mimicry[@b9][@b10]. Mimicry therefore differs from deliberate, goal-directed imitation (for other meanings see ref. [@b11]). Mimicry and imitation emerge during infancy and have important roles for social learning and affiliation[@b12][@b13]. It is widely believed that mimicking another person has positive consequences for the social interaction[@b9][@b10][@b14][@b15]. Therefore mimicry has been described as a 'social glue'[@b16][@b17] or 'honest signal'[@b18] and has been advocated as a strategy for business and personal interactions, as well as teaching and therapy[@b1][@b19][@b20]. Understanding how people unconsciously detect when they are being mimicked also has important implications for our theories of social cognition. However, it is not yet clear if a person being mimicked responds to general contingency[@b21] and predictability[@b22][@b23] in the mimicker's behaviour, or if the brain contains a specific mimicry detection mechanism (reviewed in ref. [@b11]).

For all these reasons, it is important to probe how people respond to being mimicked in detail and with precise experimental control. Many previous studies of this topic have used naturalistic situations in which a confederate is trained to subtly mirror the movements and posture of a naïve participant during a social task such as describing photos to each other[@b2][@b14]. Headline results from these paradigms suggest that mimicry increases prosocial behaviour[@b14][@b24][@b25] and may lead to greater liking[@b26][@b27] and trust towards the mimicker[@b28], though these results may be modulated by other factors[@b27][@b29][@b30]. However, there are several reasons to be cautious of accepting these naturalistic studies of mimicry at face value. First, both effect sizes and experimental power in many previous studies have been small, and false-positives may be present in the literature[@b11]. Second, many behaviours may naturally vary alongside mimicry, such as eye contact, smiles and the contingency between two people. It is not always clear if a confederate can accurately change her mimicry behaviour without also changing these other behaviours. Third, even well trained confederates lack control over the exact timing and matching precision of their movements. Finally, confederate behaviour may be implicitly affected by knowledge of the experimental condition or the cognitive demand of the task instructions[@b31].

A strong test of the claim that mimicry itself leads to positive social consequences can come from virtual reality (VR), where every parameter of a social interaction can be precisely controlled. People react towards avatars similarly to real people[@b32][@b33], so virtual reality is becoming an increasingly popular tool in social psychology and neuroscience. Bailenson and Yee[@b34] generated mimicry in virtual reality, by tracking participant's head movement and applying the same movement after a delay to an avatar. In the control condition, movements from a previous participant are applied to the avatar instead. This VR approach allows researchers to 'reverse-engineer' social interactions and determine precisely which parameters are essential for positive social effects[@b35]. It can thus provide a much stronger test of the 'social glue' hypothesis of mimicry than a confederate study.

Virtual mimicry is still a relatively new approach and has yielded mixed results. Bailenson and Yee[@b34] found that virtual mimicry led to positive impressions of the avatar, consistent with earlier findings. However, other studies have not replicated their findings consistently[@b36][@b37]. If being mimicked by avatars does lead to increased rapport and trust, this provides a strong test of the social glue hypothesis and an important tool for future studies of the cognitive mechanisms which detect when someone is being mimicked.

The aim of the present project was to establish a paradigm in which participants can be mimicked by an avatar, and to use that to test the parameters which matter for this social interaction. We consider two types of parameters: *mimicry variables*, e.g. the timing and spatial form of mimicry, and *context variables*, e.g. social characteristics of the mimicker. In the first study we build on Bailenson and Yee's method to implement virtual mimicry during an interactive photo description task. This matches the task commonly used in studies with confederate mimickers[@b2][@b14]. We test if and how changing the time delay between the participant's action and the mimicry of the avatar alters the positive effects of being mimicked, to probe the mechanism of mimicry detection itself. Based on positive results from the first study, we designed and pre-registered a second study which uses the same paradigm to rigorously test whether the ingroup or outgroup membership of the mimicker modulates the effects of mimicry.

Study 1
=======

There is currently very little data about the cognitive mechanisms which spontaneously detect mimicry and trigger social responses towards a mimicker (for a review of possible cognitive mechanisms, see ref. [@b11]). However, assuming there is a cognitive mechanism which responds when another person is mimicking me, we would expect this mechanism to have some temporal tuning window, whereby mimicry at short delays is easier to detect or has stronger consequences than mimicry at longer delays. Such a window might also be tuned to the natural timing of mimicry as it occurs in social interactions. Despite the importance of timing, precise data on this factor are limited[@b9]. Some claim that mimicry naturally occurs within a 2--5 s time window[@b15][@b30], and this timescale has been used when training confederates[@b30]. However, others have adopted wider timescales ranging from zero[@b2] to ten seconds[@b31], and many studies do not report a timescale for mimicry. Therefore, it is unclear how the timing may impact the response to being mimicked. Preliminary evidence suggests people find it easier to deliberately detect virtual mimicry at a one-second time delay, compared to two, four or eight seconds[@b38]. However, no studies have formally tested whether the timing of mimicry affects positive consequences of being mimicked, such as feelings of rapport and trust. Tentatively, we would predict that if mimicry is easier to detect at shorter time delays, then a closer temporal coupling between mimicker and mimickee might increase the saliency and impact of mimicry.

Virtual mimicry is an ideal method for exploring this question, since avatars can be programmed to repeat the participant's actions after a precise, constant time delay. Building on Bailenson and Yee's[@b34] approach, we implemented a virtual reality version of an interactive photo description task commonly used in confederate studies[@b2][@b15]. In this task, the participant and an avatar take turns to describe photographs to each other, giving the feeling of interaction without a full conversation ([Fig. 1](#f1){ref-type="fig"}). We used two avatars: one mirrors the head and torso movements of the participants after a specific delay (1 second or 3 seconds); the other avatar shows pre-recorded natural head and torso movements without mimicry. Participants interacted with the mimicking and non-mimicking avatars one after the other, in a within subjects design. The time-delay of mimicry was a between-subjects factor. After interacting with each avatar, participants completed a number of ratings to evaluate their feelings about that avatar, including rapport, trust, similarity, the smoothness of the interaction and self-other overlap[@b39], i.e. feelings of closeness towards others. A co-presence questionnaire was used to evaluate the realism of the VR[@b40][@b41]. At the end of the study, participants were carefully debriefed to determine if they consciously detected mimicry.

In this initial, exploratory study we aimed to test if there were any positive consequences of mimicry, to replicate previous results. We also tested if mimicry with a 1 second delay has stronger (or weaker) social effects than mimicry with a 3 second delay. Finally, we tested if conscious detection of mimicry varies between the 1 second and 3 second delay groups. Based on previous virtual mimicry research, we expected more participants would consciously detect mimicry at the shorter time delay. We also predicted that mimicry would have more positive effects at 1 s delay versus 3 s delay.

Results
=======

Excluded data
-------------

Data were excluded from one participant in the 1 s group due to technical failure of the motion tracker.

Mimicry detection
-----------------

In the 3 s mimicry group, one participant out of 26 (3.8%) detected the mimicry manipulation. In the 1 s group, 11 out of 36 (30.5%) detected mimicry. The detection rate was significantly greater in the 1 s group than the 3 s group (*χ*^2^(1) = 6.9, *p* \< 0.01). All detectors were excluded from the analyses. Thus, the remaining sample was *N* = 25 in each group.

Co-presence
-----------

We averaged the four items from the co-presence questionnaire into one co-presence score (Cronbach's alpha = 0.72). The median social presence score was 4.45 (*M* = 4.43, *SD* = 1.15, *Range* = \[1.75, 6.75\]) on a scale from 1 to 7, which is very similar to levels found in more immersive virtual reality experiments using a comparable rating scale[@b40][@b41]. Including co-presence as a covariate did not substantially change any of the results reported in the main analyses below (see [Table S2](#S1){ref-type="supplementary-material"}, [supplementary information](#S1){ref-type="supplementary-material"}, section 5).

Ratings
-------

Participants rated their feelings of rapport, trust and similarity towards each avatar, as well as the smoothness of the interaction. They also rated feelings of self-other overlap towards the specific avatar, avatars in general, their best friend and other people in general.

For each dependent variable, we conducted a two-way mixed-design ANOVA to test the within-participants effect of mimicry condition (mimicry vs. non-mimicry) and the between-participants effect of time delay (3 s vs. 1 s). The results are reported in [Table 1](#t1){ref-type="table"}. We found a significant main effect of mimicry on rapport in the expected direction (*p* = 0.02), but the Bayes factor for this effect was BF~01~ = 0.34, which is only weak evidence[@b42]. There were no other significant effects of mimicry or time delay, and no significant interactions, with most Bayes factors for these tests in favour for the null hypothesis (see [Table S3, supplementary information, section 5](#S1){ref-type="supplementary-material"}).

To further explore the relationship between rapport and mimicry time delay, we calculated the effects of mimicry on rapport for the 1 s and the 3 s groups separately. We found that there was a significant effect of rapport in the 3 s condition (*t*(24) = 2.15, *p* = 0.04, *d* = 0.49) but not in the 1 s condition (*t*(24) = 1.39, *p* = 0.18, *d* = 0.36). There was only weak evidence for the effect in the 3 s group (BF~01~ = 0.89) and the effect in the 1 s group favoured the null hypothesis (BF~01~ = 2.01).

Discussion
==========

In this study, we developed a new virtual mimicry paradigm and investigated whether the timing of mimicry affects how people respond to being mimicked. We programmed avatars to mimic participants' head and torso movements at a delay of three seconds or one second, compared to a non-mimicry condition. We measured social responses to being mimicked and how many participants consciously noticed being mimicked. These data allow us to consider if being mimicked by an avatar can act as social glue, and if the timing of the mimicry matters.

Our data give a reasonably positive response to the question of whether being mimicked leads to a more positive social evaluation. Participants rated a level of co-presence (feeling the avatars were really present with them) comparable to virtual reality experiments using more immersive technology[@b40][@b41], suggesting our system achieved a strong degree of realism. Participants also gave higher rapport ratings to avatars who mimicked compared to those who did not. This is consistent with previous research using virtual and human mimickers[@b2][@b27][@b34] and supports the idea that mimicry can act as a social glue even in tightly controlled VR settings. However, there are some caveats to this finding. First, we did not find effects of mimicry on any of our other dependent measures (trust, similarity, interaction smoothness and self-other overlap). It could be that the outcomes we chose to measure are more fragile than we expected; other studies have also failed to find statistically significant effects of imitation on trust[@b35][@b36], similarity[@b43] and self-other overlap[@b44]. Second, the effect on rapport which we did find was small (η~p~^2^ = 0.10) and would not meet a Bonferroni correction. Bayesian analysis indicates our data provide weak or anecdotal evidence for the effect of mimicry on rapport. With this in mind, we developed Study 2 as a pre-registered experiment to test the positive effects of mimicry more robustly.

The data gives conflicting accounts of the role of timing in mimicry. We found a significantly higher rate of mimicry detection at a delay of 1 s compared to 3 s, consistent with[@b38]. This implies that the ability to spontaneously detect when someone else mimics me is tuned to particular timings. However, the present study cannot distinguish if this process is sensitive to any contingent behaviour[@b21] or specifically mimicry. After people who consciously detected mimicry were excluded from the analysis, we did not find any significant differences in social ratings between those who experienced mimicry with a 3 second delay compared to those experiencing a 1 second delay (although the effect of mimicry on rapport only reached significance in the 3 s group). This was surprising, and implies that there is a cognitive mechanism which responds positively to being mimicked outside awareness and is not tuned to a narrow time window. A more detailed review of possible cognitive mechanisms which respond to being mimicked is in ref. [@b11]. Thus, the conscious detection of mimicry may be independent of how mimicry is used to evaluate another person. Though counterintuitive, this suggestion is consistent with results from a previous study which found the spatial correspondence between mimicker and mimickee movements affected mimicry detection but not the social evaluation of the mimicker[@b35]. Therefore, it is possible that the mechanism which triggers a positive response to being mimicked has a very broadly tuned time window for detecting such mimicry. This possibility would fit with evidence that people expect certain levels of contingency when interacting with another person[@b45][@b46], as well as the observation that 'positive' mimicry effects may actually be driven by negative reactions to an absence of mimicry[@b15]. Future studies would need to test a wider range of time delays to explore this possibility.

Study 2
=======

In Study 1, we established that our VR mimicry paradigm can generate increases in rapport, similar to previous studies. The second study aimed to replicate our initial findings with a rigorous, pre-registered procedure and to further test if the social consequences of mimicry may be altered by group membership. To ensure validity, we tested a sample of 40 participants which gives enough statistical power to detect effects of a similar or smaller size to Study 1, and we pre-registered the experimental design, exclusion criteria and analyses[@b47].

While it has been suggested that mimicry is an 'honest signal' used in all human societies[@b18], it is not clear whether mimicry leads to increases in rapport and trust between people from different cultural groups[@b9]. People typically produce less mimicry towards others who they initially dislike[@b48], outgroup members[@b49][@b50] and others from a different race[@b51]. Some studies suggest being mimicked by an outgroup member depletes cognitive resources[@b29] and leads to feeling cold[@b30]. On the other hand, a recent experiment found that being mimicked by an outgroup member (a Palestinian avatar) led participants (Jewish Israelis) to increase empathy towards their outgroup[@b52]. These mixed findings suggest outgroup mimicry can challenge people's expectations but may also have positive social outcomes.

The present study tested whether mimicry leads to rapport and trust across individuals from the same social group (in-group pair) and different groups (out-group pair). To create in-group and out-group pairs, we used avatars with different apparent ethnicities and recruited participants from East Asia and Europe. Each participant met with 4 avatars who mimicked or did not and who did or did not appear to share the participant's regional background in a 2 × 2 factorial within subjects design. Mimicry was implemented as in Study 1, with a 3 second time delay, and we continued testing until we had complete datasets from 40 participants without any detection of mimicry. This sample size was chosen based on a power analysis of study 1, in which we found a small effect of mimicry (η~p~^2^ = 0.10). We calculated that a sample size of 40 could detect the same size effect with power of 0.99, or a smaller effect size (η~p~^2^ = 0.06) with power of 0.95.

As in Study 1, participants completed the photo description task with each avatar, during which they were exposed to mimicry or non-mimicry behaviour. They rated likeability, trust and rapport towards each avatar, and we also measured behavioural trust using a new virtual maze task (see [supplementary information](#S1){ref-type="supplementary-material"}). We predicted that participants should show a main effect of mimicry, with greater liking, trust and rapport towards avatars which mimicked. Furthermore, we predicted that this mimicry effect should be modulated by cultural group, such that all effects would be stronger for avatars from an in-group compared to those from an out-group. All the results we report here are as specified in our pre-registration[@b47].

Results and Discussion
======================

Excluded data
-------------

Six participants were excluded from analyses due to technical failure of the motion tracker. Eight out of the remaining 48 participants (16.6%) detected the virtual mimicry manipulation. All of the detectors were excluded from the analyses, so the remaining sample was *N* = 40. Four participants did not complete the virtual maze task with every avatar due to feelings of motion sickness, so their data was not included in analyses on that task.

Co-presence
-----------

Participants completed the same co-presence ratings as in Study 1, once after interacting with ingroup avatars (*M* = 4.58, *SD* = 1.21) and once after interacting with outgroup avatars (*M* = 4.63, *SD* = 1.29). There was no significant difference in feelings of co-presence across ingroup and outgroup members (*t*(39) = 0.43, *p* = 0.67, *d* = 0.09). Therefore we averaged the two scores together. The median co-presence score was 4.75 (*M* = 4.61, *SD* = 1.19, *Range* = \[1.63, 6.75\]), consistent with Study 1 and other VR research[@b40][@b41].

Liking, rapport and trust ratings
---------------------------------

We conducted two-way, repeated-measures ANOVAs to test the effects of mimicry and group membership on ratings of liking, rapport and trust towards each avatar. We did not find any significant main effects of mimicry or group membership, or any significant interaction effects ([Table 2](#t2){ref-type="table"}). There was a marginal effect of mimicry on trust in the expected direction: participants rated slightly more trust towards mimickers than non-mimickers.

Virtual maze task
-----------------

We conducted two-way, repeated-measures ANOVAs to test the effects of mimicry and group membership on how often participants approached an avatar in the virtual maze, and how often they followed an avatar's advice (each expressed as a percentage of trials). We did not find any significant main effects of mimicry or group membership, or any significant interaction effects ([Table 2](#t2){ref-type="table"}). There was a marginal interaction between mimicry and group membership on how often each avatar was approached in the maze: participants approached the mimicking ingroup member on a greater percentage of trials than the non-mimicking ingroup member, whereas this trend was reversed for outgroup members.

Exploratory analyses
--------------------

In addition to the pre-registered analyses described above, we conducted further exploratory analysis of this dataset. Firstly, we carried out Bayesian ANOVAs testing the main effects of mimicry, group membership and the interaction between mimicry and group membership on each of our dependent variables ([Table S4, supplementary information, section 6](#S1){ref-type="supplementary-material"}). The results showed that our data favour a null main effect of mimicry on ratings of liking, rapport and trust, as well as trust behaviour in the virtual maze (all BF~01~ \> 1.6). The marginal interaction between mimicry and group membership on how often participant's approached the avatars in the maze (reported above) had a Bayes factor of 5.37 in favour of the null hypothesis. Bayes factors favoured the null hypothesis for all main effects of group membership (all BF~01~ \> 3.5) and all interactions between mimicry and group membership (all BF~01~ \> 30).

We also carried out two further exploratory analyses to explore the role of co-presence and to test the effects of mimicry in data from the first two trials of the experiment, in case of fatigue effects occurring in the second half (see [supplementary information, section 6](#S1){ref-type="supplementary-material"}). These exploratory analyses did not reveal any significant effects of mimicry or group membership, or any significant interactions.

Summary
-------

In this study we used VR to give participants an opportunity to be mimicked (or not) by an avatar from their ingroup or an outgroup. We measured the effect of mimicry on ratings of liking, rapport and trust, as well as implicit trust behaviour in a virtual maze task, and pre-registered all our analyses. With this rigorous test of the effects of virtual reality mimicry, we found null results. We did not find any significant main effects of mimicry or group membership, or any significant interactions, although there were some trends in the predicted directions. None of these trends would approach significance with a Bonferroni correction for five comparisons in place. In addition, Bayesian analysis showed that our data provides evidence in favour of the null hypothesis for all main effects of mimicry and group membership, and all interactions.

General Discussion
==================

The present paper reports two tightly controlled studies which used virtual reality to create a situation in which participants' head and torso movements were mimicked (or not) by an avatar during a semi-natural conversation. We used a variety of measures to determine how being imitated changed participants' evaluation of and willingness to engage with the avatar. Study 1 found a weak positive effect of mimicry, whereby participants reported stronger rapport towards an avatar who mimicked them with either a 1 second or 3 second delay, compared to an avatar who did not mimic. Study 2 did not replicate this effect, and our pre-registered analyses found that being mimicked did not change trust, liking or rapport either within or across social groups. Given these two contrasting results, we first consider which results are more reliable, and then explore the implications for future studies of the consequences of being mimicked.

First we consider virtual mimicry leads to rapport and trust. In Study 1 we presented a new virtual mimicry paradigm and used it to explore the effect of manipulating the time delay in mimicry. Participants were significantly more likely to consciously notice that they were being mimicked when the time delay in mimicry was 1 second, compared to 3 seconds. Participants showed greater rapport towards a mimicking avatar than a non-mimicking avatar. However, there was only weak evidence for this effect, and we did not find any other significant effects of mimicry or time delay on ratings of trust, similarity, interaction smoothness or self-other overlap, or any significant interactions between mimicry and time delay. Contrary to our prediction, the greater detection of mimicry at shorter time delays does not seem to correspond to a greater positive response towards the mimicker. Inspection of the data divided by time delay showed that mimicry increased rapport at 3 seconds delay but not at 1 second. This is noteworthy because it means that Study 2 did not use the wrong time delay to find positive effects of mimicry.

In Study 2, we used the same virtual mimicry method to test whether the effects of mimicry on rapport and trust depend on the group membership of the mimicker. Participants interacted with avatars who appeared to come from their home region (ingroup) or the other region (outgroup). We did not find any significant effects of mimicry or group membership on liking, rapport or trust towards the avatars. Of the two studies we report here, we consider Study 2 to be the more definitive. This is because Study 1 was an exploratory study with many data analysis options available, though we did not exploit all possibilities. In contrast, Study 2 was pre-registered with a single data analysis pathway, and provides a clear test of the prediction that mimicry leads to rapport and trust. This leads us to the conclusion that our results in Study 1 may have been false positives, and over both studies we cannot make the claim that being mimicked leads to changes in social evaluation.

Our data is in line with previous studies of mimicry using VR, which have reported decidedly mixed results. Bailenson and Yee's[@b34] virtual mimicry system had a positive effect on participants' impression of an avatar, measured using a scale that taps into congeniality, knowledgeability and sincerity. Vrijsen *et al*.^5^ used the same paradigm in a study comparing socially anxious and non- anxious women's responses. They did not report the main effect of mimicry, but report a near-significant positive effect of mimicry on how non-anxious women evaluated the avatar in terms of likeability and friendliness. Verberne *et al*.[@b36] used the same mimicry algorithm and found inconsistent results across a range of measures. With one avatar, mimicry had a significant positive effect on liking and trust, but with another avatar the same mimicry manipulation did not lead to significant positive effects. Across both avatars there were no significant effects of mimicry on self-other overlap. In a subsequent study combining mimicry with similarity in goals and appearance, Verberne *et al*.[@b37] also found inconsistent effects across different measures of trust. It is worth noting that ratings of liking, trust and self-other overlap also show inconsistent effects of mimicry in traditional research settings where human confederates were trained to mimic participants[@b11]. Therefore the positive social effects of being mimicked may be more subtle or fragile than is generally assumed. Overall, we conclude that the mimicry of participant head and torso movements alone by a virtual person does not lead to substantial increases in rapport and trust.

We turn now to the implications of the present research. The 'social glue' theory of mimicry[@b16][@b17] suggests that non-conscious mimicry occurs across a wide range of behaviours including speech patterns, facial expressions, emotions, postures, gestures and mannerisms, and that mimicry of any of these behaviours can lead to positive social consequences such as rapport and interpersonal closeness. Virtual reality provides a strong test of this hypothesis, because it allows us to specifically control one type of mimicry while keeping all other social behaviours (speech, gaze, facial expression) exactly the same. Our findings thus cast doubt over a strong version of the social glue theory, in which all types of mimicry must have positive social effects. It seems that in the specific case of mimicking head and torso movements in a mirror fashion, neither a 1 second nor a 3 second delay leads to increases in liking, rapport or trust.

It could be argued that this result reflects a failure of VR rather than a failure of the social glue theory. We recognise that current VR is not perfect, and participants in the study are always aware that they are interacting with a virtual agent and not another real person. However, our co-presence scores of 4.45 (Study 1) and 4.75 (Study 2) on a scale from 1--7 are comparable to other VR studies. Such studies have successfully replicated psychology effects in the domain of body ownership[@b54]. VR interactions have been able to successfully generate joint attention[@b55], proximity effects[@b56] and audience effects[@b57] among other phenomena. Thus, there is ample evidence that VR can generate socially realistic scenarios which replicate real-world psychological phenomena.

It is possible that our particular avatars lacked some critical behaviours, meaning that our VR scenario might not achieve a realistic replication of natural mimicry. Adding other social behaviours to our avatars, such as nodding and more facial expressions, might lead to stronger effects[@b58]. This might make the VR more similar to real-life social interactions, where a variety of other communicative signals may accompany mimicry of body posture, including emotional imitation[@b59][@b60], turn-taking[@b18][@b60] and eye-contact[@b61]. Traditional studies have attempted to control for the confounding effect of such cues by videotaping and rating mimickers' behaviour[@b28][@b31][@b48], but it is likely that some extra cues still accompany mimicry in naturalistic paradigms. Therefore by controlling all other social cues, virtual mimicry may not achieve as large effect sizes as naturalistic mimicry. It is also possible that mimicry may have different effects in the context of our structured conversation task, compared to other contexts involving different levels of interaction (e.g. a free conversation[@b2][@b14]) and different external cues (e.g. a negotiation agenda[@b28]). Finally, it is possible that a larger set of avatar stimuli might be needed find mimicry effects in a cross-cultural context, as these effects could be obscured by task effects associated with using a small number of avatars. However, in order to test the claim that mimicry itself leads to positive social effects, VR provides the strictest test without other interfering signals. Although there have been some positive results from VR scenarios which support the social glue claim, our data provides evidence in favour of a null effect of virtual mimicry on rapport (BF~01~ = 3.74, Study 2).

Though our results do not show that being mimicked leads to increases in rapport, they do suggest people can spontaneously detect being mimicked. In study 1, 30.5% of participants detected mimicry at 1 second and 3.8% at 3 seconds. In study 2, 16.6% of participants detected mimicry at 3 seconds. The mimicry implemented in these studies was a subtle mimicry of head and torso movement only, and we were careful not to suggest in any way that our study involved mimicry. Thus, we provide evidence that some cognitive mechanism is able to recall the pattern of head movements which a participant has made over at least 3 seconds and match that pattern to the behaviour of the avatar at a later point, leading to spontaneous detection. Due to the small number of people detecting mimicry and the possibility that detectors would show 'demand characteristics' in when rating the avatars, we were unable to analyse data from these participants in detail. However, it would be very interesting to test the mimicry detection mechanism in more detail in future, for example, to determine its tuning and whether it is sensitive to any type of contingency[@b21] or only mimicry.

Conclusions
===========

Overall, we suggest our results should lead to caution in accepting the dominant view that being imitated by another person always leads to rapport. We cannot overturn a large body of work based on two studies, but rather we emphasise the fragile effects of being mimicked, and suggest that further work with larger sample sizes and rigorous methods will be needed to determine if mimicry really is a social glue. Further exploration and quantification of natural mimicry behaviour during social interactions would also be valuable in building better VR mimicry in the future.

Methods
=======

Study 1
-------

### Participants

Sixty three participants (44 female, *M*~age~ = 26) were recruited through email advertisements. All participants gave written informed consent and received £7.50 payment for 1 hour. Recruitment continued until we obtained an equal number of participants in each group who did not consciously detect the mimicry manipulation. There were a total of 26 participants in the 3 s group and 37 participants in the 1 s group. Ethical approval was obtained from the UCL Institute of Cognitive Neuroscience Ethics Chair and the Ministry of Defence Research Ethics Committee. The methods were carried out in accordance with the approved guidelines. All participants gave written informed consent to take part.

### Virtual Mimicry Algorithm

We prepared three avatars for the experiment. The first avatar was only used for practising the experimental tasks. The main two avatars in the experiment were females named Anna and Becky. The avatars were programmed to blink, make eye contact and make pre-recorded speech triggered by the computer program (for full details see [supplementary information, section 1](#S1){ref-type="supplementary-material"}).

We recorded participants' movements using a Polhemus magnetic motion tracking device (Polhemus Inc., Vermont). Participants were fitted with sensors on their forehead and upper back. The VR environment and all the avatars were animated in Vizard (WorldViz Inc).

In the mimicry condition, the participant's head and torso movement was mirrored by an avatar presented on the projector screen ([Fig. 1](#f1){ref-type="fig"}), after a specified delay. In addition, we imposed a restriction so the pitch (up/down tilt) of the participant's head would only be mimicked within a range of 0 to −10 degrees from neutral. This was to avoid mimicry of upward head tilts, which appeared unnatural during piloting.

In the non-mimicry condition, the avatar was animated using pre-recorded movement from a pilot participant being mimicked. We used this pre-recording for all participants, instead of 'yoking' each participant to the previous one[@b34][@b53], to ensure that an unusual behaviour in one participant would not interfere with the experience of the next participant.

### Experiment procedure

On arriving in the lab, participants were told they were taking part in a virtual communication study and completed a consent form. They sat at a desk in front of a projector screen and Polhemus motion tracking sensors were fixed to their head and back. A short calibration was performed to allow the VR software to map the participant's behaviour to an, and then the study began.

The participant practiced the task sequence detailed below. Then they completed the task sequence with Anna and then Becky. Either Anna or Becky mimicked the participant (mimicry condition), while the other avatar did not mimic (non-mimicry condition), in a counterbalanced fashion.

#### Mimicry induction: photo description task

The participant met each avatar in the virtual world and completed a photo description task with them (for full details, see [supplementary information, section 1](#S1){ref-type="supplementary-material"}). Each avatar appeared as a life-sized person seated on the other side of the desk, facing the participant. The desk and walls of the lab appeared to extend into the virtual space. In the task, the avatar and participant would take 5 turns describing a photo to the other for 30 seconds. The avatar greeted the participant and smiled at the start, then began the task by describing a photo the participant could not see. At the end of their description, the avatar smiled again and then it was the participant's turn to describe a photo, which was displayed on a virtual barrier between the participant and the avatar ([Fig. 1](#f1){ref-type="fig"}). At the end of the task, the virtual barrier was raised up to occlude the avatar.

#### Ratings and questionnaires

Following the photo description task, the participant used a sliding scale based on the Inclusion of Other in the Self scale (IOS)[@b39] to rate how much overlap they felt with their best friend (used as a reference point), the avatar from the photo task, s in general, and other people in general. Next, the participant rated the smoothness of the interaction and their feelings of rapport, trust and similarity on a continuous scale from 'strongly disagree' to 'strongly agree' (for all items see [supplementary information, section 2](#S1){ref-type="supplementary-material"}).

At the end of the experiment, the participant rated the level of co-presence they experienced during the study on a 4-item scale from 1 to 7 (see [supplementary information, section 2](#S1){ref-type="supplementary-material"}).

#### Debriefing

The participant provided written and verbal answers to a series of questions to determine whether they had noticed the mimicry manipulation or guessed the purpose of the experiment.

Study 2
-------

### Participants

Participants completed a screening questionnaire to ensure they were suitable for the study (see [supplementary information, section 3](#S1){ref-type="supplementary-material"}). Fifty-four participants (37 female) out of 236 total respondents were selected to take part in the study. We only selected participants if their answers to the screening questionnaire indicated they self-identified strongly with one of the groups chosen for the study. We included (1) individuals who identified strongly as European and (2) individuals who identified strongly as East Asian, had spent less than 1 year in the UK, and had spent most of the last 10 years in an East Asian country. The extra criteria for the East Asian group aimed to minimise overlap caused by recruiting and conducting the experiment in a European country. Ethical approval was obtained from the UCL Institute of Cognitive Neuroscience Ethics Chair and the Ministry of Defence Research Ethics Committee. The methods were carried out in accordance with the approved guidelines. All participants gave written informed consent to take part.

### Virtual mimicry

We used the same equipment and algorithm as Study 1 to generate virtual mimicry.

We prepared four avatars for the study ([Fig. 2](#f2){ref-type="fig"}). We used the same Anna and Becky avatars as Study 1, because they had European appearances and their voices were recorded by volunteers with native British accents. The other two avatars, named named Su Lin and Tian Tian, have an East Asian appearance and their voices were recorded by volunteers speaking English with native Chinese accents. The avatars were programmed to blink, make eye contact with the participant and speak according to pre-recorded sound files, as in Study 1.

### Virtual maze task

In this study we introduced a virtual maze task to measure behavioural trust (see [supplementary information, section 4](#S1){ref-type="supplementary-material"}).

### Experiment Procedure

Each participant sat at the desk in front of the projector screen, and the experimenter fitted the participant with motion tracking sensors. First the participant practiced the photo description task with the practice avatar from Study 1, who never mimicked them.

Following the practice, the participant completed the four experimental conditions in a counterbalanced order. The conditions were: (1) mimicry from an in-group member, (2) non-mimicry from an in-group member, (3) mimicry from an out-group member and (4) non-mimicry from an outgroup member. Half the participants met avatars from their in-group first, and the other half met avatars from their out-group first. For half the participants, the first avatar in the group mimicked them, and for the other half the second avatar in the group mimicked. The order of avatars in each group was always Anna then Becky, and Su Lin then Tian Tian. An example order of conditions is given in [Fig. 3](#f3){ref-type="fig"}, which summarises the experiment procedure.

First, the participant completed the mimicry induction (photo description task) with the first avatar (e.g. Anna), as in Study 1. During the photo description task, the avatar either mimicked the participant's movements after a 3 s delay, or performed pre-recorded movements.

Half-way through the photo description task, the participant was prompted to rate how much they agree that with the statement *'I think Anna is very likeable'* on a continuous scale from strongly disagree to strongly agree. At the end of the photo description task, the participant rated their feelings of rapport and trust as in Study 1. Then the participant repeated the photo description task and ratings with the second avatar (e.g. Becky). The first two avatars were always a mimicker and non-mimicker from the same group.

After the participant completed the photo task and ratings with the first two avatars, the experimenter removed the motion sensors and prepared the participant for the virtual maze task. Then the participant completed the virtual maze task with the two avatars they had interacted with so far.

#### Questionnaires and debrief

Then the participant completed a questionnaire about their experience of co-presence, as in Study 1. Following the co-presence questionnaire, the participant repeated the entire procedure with the remaining two avatars (e.g. Su Lin and Tian Tian).

At the end of the experiment the participant completed the same screening questionnaire that we used at the recruitment stage. The participant also provided written and verbal answers to a series of questions to determine whether they had guessed the purpose of the experiment or noticed the mimicry manipulation.
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![Virtual mimicry system.\
The participant was fitted with two motion tracking sensors which recorded their head and torso movements. The movement was mirrored by an avatar after a specified time delay. The avatar was displayed on a projector screen. This image was created using Vizard virtual reality software (WorldViz Inc, Version 5.4, <http://www.worldviz.com/virtual-reality-software-downloads/>).](srep35295-f1){#f1}

![Avatar appearances.\
This image was created using Vizard virtual reality software (WorldViz Inc, Version 5.4, <http://www.worldviz.com/virtual-reality-software-downloads/>).](srep35295-f2){#f2}

![Experiment procedure, showing an example order of conditions.\
Group and mimicry were counterbalanced across participants. This image was created using Vizard virtual reality software (WorldViz Inc, Version 5.4, <http://www.worldviz.com/virtual-reality-software-downloads/>).](srep35295-f3){#f3}

###### Effects of mimicry and time delay on ratings.

  Measure                        Mimicry *M* (*SD*)   Non-mimicry *M* (*SD*)   Main effect of mimicry   Main effect of time delay   Mimicry × time delay interaction                                          
  ----------------------------- -------------------- ------------------------ ------------------------ --------------------------- ---------------------------------- ------- ------ --------- ------- ------ ---------
  Rapport                           0.69 (0.15)            0.63 (0.15)                  5.54                      0.02                            0.10                 0.63    0.43    0.01     0.002   0.97   \>0.001
  Trust                             0.65 (0.14)            0.62 (0.15)                  1.90                      0.17                            0.04                 1.65    0.21    0.03     0.31    0.58    0.01
  Similarity                        0.55 (0.17)            0.51 (0.20)                  1.52                      0.22                            0.03                 1.22    0.28    0.03     0.04    0.85    0.001
  Smoothness                        0.67 (0.20)            0.66 (0.20)                 0.006                      0.94                          \>0.001                0.63    0.43    0.01     0.03    0.86    0.001
  Overlap: specific avatar          0.42 (0.21)             0.41(0.19)                  0.28                      0.60                            0.01                 3.60    0.06    0.07     0.31    0.58    0.01
  Overlap: avatars in general       0.39 (0.23)            0.40 (0.20)                  0.50                      0.50                            0.01                 2.50    0.12    0.05     0.12    0.73    0.002
  Overlap: best friend              0.60 (0.26)            0.60 (0.26)                  0.21                      0.65                           0.004                 0.005   0.94   \>0.001   0.09    0.77    0.002
  Overlap: others in general         0.40 (23)             0.42 (0.23)                  3.80                      0.06                            0.07                 2.20    0.14    0.04     0.05    0.82    0.001

###### Effects of mimicry and group membership on ratings and virtual maze task.

  Measure                   Ingroup      Outgroup     Main effect of mimicry   Main effect of group   Mimicry × group interaction                                                     
  ---------------------- ------------- ------------- ------------------------ ---------------------- ----------------------------- ------ ------- ------ ------ ------- ------ ------ -------
  Liking rating           0.69 (0.21)   0.65 (0.21)        0.69 (0.18)             0.66 (0.17)                   2.35               0.13   0.06    0.06   0.81   0.002   0.13   0.72   0.003
  Rapport rating          0.72 (0.16)   0.70 (0.15)        0.70 (0.15)             0.69 (0.13)                   1.06               0.31   0.03    1.35   0.25   0.03    0.25   0.62   0.006
  Trust rating            0.68 (0.15)   0.66 (0.16)        0.70 (0.14)             0.65 (0.13)                   3.81               0.06   0.09    0.04   0.84   0.001   0.43   0.52   0.01
  Approach (maze)         0.86 (0.22)   0.80 (0.22)        0.80 (0.25)             0.84 (0.22)                   0.19               0.67   0.005   0.05   0.82   0.001   3.08   0.09   0.08
  Follow advice (maze)    0.64 (0.22)   0.61 (0.20)        0.62 (0.25)             0.64 (0.18)                   0.04               0.85   0.001   0.06   0.81   0.002   0.37   0.55   0.01
